Abstract. While studying activation sintering of tungsten, Evans [5] and Ito and Furusawa [6] revealed that W-Cr-Pd alloys exhibit unexpected oxidation resistance at elevated temperatures. The role of palladium in stimulating oxidation resistance in W-Cr alloys is the main aim of the present contribution. As previously observed, at 800˚C these alloys form a relatively dense protective scale that consists of an inner layer of Cr 2 O 3 , an intermediate layer of Cr 2 WO 6 and an external layer of WO 3 . At 1200˚C only Cr 2 WO 6 layer is found, since the Cr 2 O 3 and WO 3 evaporate. To determine the role of paladium, W and W-Pd alloys were coated with Cr layers and undergone diffusion experiments. An extraordinary affinity between the Cr and Pd was revealed, manifested by extremely fast inward diffusion of Cr along grain boundaries. In a second experiment the dissolution of Cr into W grains at 1300 o C was followed and found to take place preferentially along grain boundaries. These observations assess that the Pd segregated at grain boundaries provides fast diffusion channels for Cr to the free surface and it imparts the significant improvement of the oxidation resistance of W alloys, as suggested by .
Introduction
The refractory metals pose a great challenge of developing structural alloys for high temperature service. In particular their high melting temperatures, high strength at high temperatures, low thermal conductivity and low thermal expansion make them good candidate for thermo-solar energy applications. However, they are severely sensitive to oxidation at elevated temperatures. Muramatsu and Takedu [1] , Diliberto et al [2] and Telu et al [3, 4] studied W-Cr and W-Cr-Nb alloys, respectively. They found that W-30wt% Cr (equivalent to W-50at% Cr) possess better oxidation resistance than other alloys. At 800˚C these alloys form a relatively dense scale that consists of an inner layer of Cr 2 O 3 , an intermediate layer of Cr 2 WO 6 and an external layer of WO 3 . At 1200˚C the oxidation protection is provided by a single Cr 2 WO 6 layer, since the Cr 2 O 3 and WO 3 evaporate. Other alloys create porous scale and may completely degrade during exposure to elevated temperature. While studying activation sintering of tungsten, Evans [5] and Ito and Furusawa [6] revealed that W-Cr-Pd alloys containing at least 1wt% Pd exhibit unexpected oxidation resistance (OR) at elevated temperatures. Itagu and Yoda [7] , Muramatsu and Takedu [8] and Diliberto et al. [9] added palladium to W-Cr alloys while Lee and Simkovich [10] added palladium to W-Mo-Cr alloy. Lee and Simkovich [10] [11] [12] and Itgaki and Yoda [7] found that the Cr 2 WO 6 layer is porous and is displaced by Cr 2 O 3 that imparts better oxidation resistance at 1200 o C. The first found that the best alloy was WMoCr -Pd with atomic ratio 1:1:1. It formed a protective dense Cr 2 O 3 oxide scale and Cr depleted zone near the surface, whereas other alloys form porous scale consisting of mixed oxides. Several authors report on poor reproducibility of the results since some samples breakage after less than 100 hrs. Lee and Simkovich found that the OR is minimal at 1000˚C by it improves at higher temperatures. The special sensitivity to oxidation at intermediate temperatures is known as "pesting" in other refractory metal alloys [e.g. 13] . The available data on the rate of oxidation of WCr alloys is summarized in Fig. 1 , which shows large diversity of the results among different groups of researchers. The role of palladium in stimulating oxidation resistance in W-Cr alloys is still not fully understood. Evans [5] suggested that a Pd rich phase containing Cr segregates at the surface in the Cr depleted layer and it inhibits inward diffusion of oxygen. Dzykovich et al [14] coated tungsten by 1μm of Pd and 50 µm of Cr. After annealing at 1250˚C they found diffusion of Cr into the tungsten to a distance larger by a factor of 5-10 relative to tungsten coated by Cr alone. They suggested that the Pd accumulates at the grain boundaries of tungsten and acts as easy diffusion channels for Cr, but they also concluded that since the Pd is a surface active element, it segregates to a Pd rich layer on the surface and thus impart oxidation resistance to the alloy. Diliberto et al. [9] claimed that at high temperatures, up to 1300˚C and below 0.5T m the volume diffusion in W is insignificant. The requirement of more than 1wt% Pd to impart oxidation resistance coincides with the solubility of Pd in W. Thus with 1% or more, Pd precipitates at the grain boundaries where it enhances the diffusion of Cr to the surface. There the Cr forms the protective chromia scale. More than 50wt% Cr dissolves the Pd into the grains and with less than 50wt% Cr there is shortage of Cr to form chromia, then the occurrence of Pd along grain boundaries is most beneficial. Lee and Simkovich [10] adopt all the three mechanisms: Pd acts as a Cr reservoir, as an outward diffusion channel for Cr and as barrier against inward diffusion of oxygen. The objectives of the present works are (a) to study the kinetics of oxidation of W-Cr-Pd alloys and factors that affect it, (b) study the microstructure of the oxides formed on the external surface and in internal pores and (c) studying the diffusion of Cr in W alloys, in an effort to understand the mechanisms of protection from oxidation. 
Experimental
Materials and processing: Pure (99.5% or more) powders of W (grain size ~ 1m), Cr (grain size < 44m) and fine Pd powder were dry-blended for 30 minutes to obtain uniform mixtures that were Spark Plasma Sintered (SPS) (in a FCT System, Rauenstein, Germany) at 1600 o C for 1 hr. Specimens for the diffusion tests were pressure-less sintered under hydrogen atmosphere at 1500 o C for 3 hr. The sintered samples were polished to remove the surface layers formed during the sintering process. The samples were sectioned by a wire-cut electro-discharge machining (EDM) for microstructural examination and oxidation studies (Fig. 2a) . Microstructural characterization was done using a scanning electron microscope (SEM, JEOL, JSM-2500).
Diffusion in Materials DIMAT-2017
Oxidation tests: Specimens were polished to 100 mesh surface finish. Their oxidation behavior was studied at 1000˚C and 1200˚C in an air tube furnace. Each of the samples were exposed to the test temperature for a total time of 24hr. The weight change was measured with an accuracy of 0.1mg. Diffusion profiles: Several specimens were electrochemically coated with Cr. These specimens were held at a temperature of 1200˚C or 1400˚C in a Tisoma graphite furnace (Tisoma, Laboratory Vacuum Sintering Furnace, Germany). The furnace was heated to the given temperature and the samples held at that temperature under hydrogen atmosphere for a period of 3 or 6 hours. After the diffusion process a section in each sample was polished and examined by a HRSEM/EDX. Grain boundary diffusion: In order to simulate the actual diffusion process that takes place during oxidation, the following experiment was designed. A specimen of W-29%Cr-1%Pd was sealed in argon in a quartz ampoule and annealed for 3 hrs at 1300 o C. At this temperature the W-rich phase is supposed to dissolve 14at%Cr and the Cr-rich phase is supposed to dissolve 18at%W according to the phase diagram (Fig. 9a) . It was slowly cooled from the annealing temperature to room temperature, where the mutual solubility in the two phases is close to zero. A sample was cut from the specimen for metallographic inspection. The rest of the specimen was put in furnace at 1300 o C for 10 min and then quenched to water. Its microstructure and composition was investigated in SEM/EDX.
Results and Discussion

Microstructure
The W-Cr phase diagram shows a wide immiscibility gap that ends at 1630 o C with nearly zero miscibility at room temperature (Fig. 9a) . As expected, the microstructure of the sintered alloys at room temperature consists of two phases, one is W-rich, which is distinguished by bright contrast in back scattered electron image, and the other is Cr-rich with dark contrast. The grain size grow to the range of 40-80m. Each large grain contains many small second phase particles that were identified as Cr particles in W grains and W particles in Cr grains (Fig. 3) . The small particles were probably precipitated during cooling from high temperatures, in accordance with the phase diagram. After oxidation tests the free surface of the alloy specimens becomes coated with a black scale (Fig. 2) . Its thickness grows with increasing time and temperature until it spalls off (Fig. 4a) . In metallographic cross section two layers are observed, in accordance with ref. [2] [3] [4] [9] [10] [11] [12] : an inner (dark contrast) Cr 2 O 3 layer and an outer Cr 2 WO 6 mixed-oxide layer, each about 50m thick. Both appear continuous and adherent. Interestingly, in the as sintered porous specimens the pores are preferentially surrounded by the Cr-rich grains. After oxidation the pores are found filled only with Cr 2 O 3 . It can be deduced that in porous specimens much Cr is consumed to protect the surfaces of the pores, therefore less Cr will be available to protect the external surfaces and the oxidation resistance of these specimens can be affected. Indeed, the dark contrast layer of Cr 2 O 3 is thinner on the surface of the pressure-less sintered samples and provides smaller oxidation resistance. 
Oxidation tests
Isothermal of dense alloy is smaller by additional 3 fold, as expected from the observations of the oxide scale in the porous material (Fig. 4) . 
Diffusion experiments
W, W-1wt%Pd and W-2wt%Pd specimens that were coated with Cr and annealed at 1200-1400 o C for 3-6 hrs were inspected by SEM and EDX. In the pure tungsten specimen only minor interdiffusion was observed, up to approximately 20m after treatment at 1200 o C for 3 hr (Fig. 6 ). In the W-1wt%Pd and W-2wt%Pd specimens small inter-granular islands were observed in the polished sections and identified as Pd islands. EDX analysis after the diffusion treatment revealed the existence of Cr in these Pd islands (Figs. 7-8) .Traces of Cr are revealed also along the grain boundaries. On the free surface we found residual Cr or Cr-Pd alloy, indicating that Pd not only attracts Cr into the bulk alloy but also is extracted from the alloy to the surface coating. Table 1 summarizes the maximum penetration depths observed in several experiments. The maximum penetration was observed at the center line of a 6 mm thick specimen that was annealed at 1200 o C for 6 hr. This is a penetration depth larger by a factor of 150 than the diffusion depth in pure W. 
Annealing experiments
In order to simulate the actual diffusion process that takes place during oxidation the following experiment was designed. A specimen of W-29%Cr-1%Pd was sealed in argon in a quartz ampoule and annealed for 3 hrs at 1300 ( Fig. 9a) . It was very slowly cooled from the annealing temperature to room temperature, where the mutual solubility in the two phases is close to zero. A sample was cut from the specimen for metallographic inspection. The rest of the specimen was put in a furnace at 1300 o C for 10 min and then quenched to water. The microstructure observed after the first annealing is illustrated in Fig. 9b . It shows large grains of the W-rich phase and Cr-rich phase which have been successfully separated. Most of the grains do not have internal precipitates of the other phase as found after faster cooling rates (in Fig. 3 ). Yet some W rich grains contain Cr rich precipitates and the Cr-rich phase grains are decorated with a gray layer that is a Cr-W solution. After the sort anneal and fast cooling, the general grain structure remained unaltered but many fine lines, apparently delineating grain boundaries, were discerned in the Back Scattered Electron (BSE) image that is sensitive to the atomic number of the elements on the surface. It appears that the grain boundaries between the W-rich phase grains become enriched with Cr, which diffused at the elevated temperature with the tendency to re-establish the equilibrium compositions of both phases at 1300 o C. At this temperature the grain boundary diffusion in W should be more significant than bulk diffusion. It is interesting to note that due to the immiscibility between Cr and W, the activity of Cr in W is high even at low concentrations (Fig. 10 ). This probably enhances the diffusion rate of Cr during temperature changes and during oxidation. The good oxidation resistance of W-29Cr-1Pd is imparted by the intergranular un-dissolved Pd, which provides fast diffusion paths for Cr along the grain boundaries toward the free surfaces. This mechanism originally suggested by Dzykovich et al [14] and Lee and Simkovich [10] [11] [12] 
